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The following three relations have been developed by [18] , [19] and [20] respectively to determine the aeration efficiency of flow over stepped chutes, amongst which were: 
In (1), (2) and (3), E20 is the aeration efficiency normalized to the temperature of 20 o C, h is the stepped height, l is the stepped length, s is the sill height, α and θ are chute angles, i * = W/tuabcvℎ m is the stepped roughness height, yc & hc are critical depth, La is the aerated length. Eq. (1) is for end-sill chute while equations (2) and (3) are for plain chutes.
Equations (1) and (2) cannot form the basis of comparison in this study because two of the design parameters used in the later developed aeration efficiency equations are lacking (La/Ks and F*). Moreover, empirical equation of aeration efficiency over inclined chute is not available. This research focuses on developing empirical equation of the aeration efficiency of flow over plain, end-sill and inclined chute configurations, particularly, the effect of flow rate, stepped roughness height and the chute angle. Modeling of the aeration efficiency in this study will serve as a guide to the design of stepped spillway configurations and aeration process. Also, the three different chute geometry (plain, end-sill and inclined) used in this study will give engineers various options that they may consider in their choices for optimization purposes. Physical Physical Physical m m m models odels odels odels Ten physical models of stepped-channel chute designated as stepped spillway model (SSM) were built and fixed at the Hydraulics Laboratory of the Department of Water Resources and Environmental Engineering, Ahmadu Bello University, Zaria. The physical models were fabricated of wooden materials. The crest of the models was broad-crested [21] . The physical models dimension were selected based on the condition presented by [22] , that skimming flow (Eq.4) and aeration (Eq. 5) would be attain when Flow measurement Flow measurement Flow measurement A rectangular weir was incorporated to the outlet of the approach channel in order to measure the discharge in the channel. Water was admitted into the channel until a convenient maximum flow is obtained. The flow was collected in a container of a known volume after a particular time period; which is equivalent to the head of water over the weir measured at a point upstream of the weir using a depth gauge. The procedure was repeated by adjusting the valve in order to change the flow until desired readings were obtained The discharge-head relationship is of the form:
In (6), Q is the actual discharge, L/s; H is the measured head, cm; H n k Q log log log + = (7) Graph of log Q as a function of log H is plotted on Microsoft Excel 2003 in order to determine the parameters K and n in Eq. (6).
Determination of
Determination of Determination of Determination of a a a aeration eration eration eration e e e efficiency fficiency fficiency fficiency Tap water in the workable basin was deoxygenated using sodium sulphite method; theoretically, 7.9mg/L of sodium sulphite (Na2SO3) is required to remove 1mg/L of dissolve oxygen (DO). Based on the DO of the test tap water, the approximate sodium sulphite requirements were estimated (a 20% excess used). Usually, addition of cobalt II chloride (CoCl2) is required at a dosage of 3.3mg/L as a catalyst for the de-oxygenation reaction. In this study, 34g of sodium sulphite and 12g of cobalt II chloride were added into water for each experiment. Each experiment involved filling the workable basin with water; the temperature of the water was measured by using water thermometer, Na2SO3 and CoCl2 was added for chemical de-oxygenation and the DO measurement was carried out when the flow in the approach channel stabilizes. During the experiments, DO measurements upstream and downstream of the stepped cascade were measured using calibrated portable DISSOLVED OXYGEN METER Model MW600 at the locations identified in Figure 4 . Measurements were made by submersing the probe to a depth of approximately 40mm at sampling points. For accurate dissolved oxygen measurements, a minimum water movement of 0.3 m/s was required. The DO meter was calibrated daily according to local atmospheric pressure, prior to use, by the zero calibration method. Calibration procedures followed those recommended by the manufacturer. In this study, the saturation concentration was determined from the manufacturer's chart. Oxygen transfer efficiency, E, at any temperature T is defined by [23] as" 
2.5 2.5 2.5 2.5 Aeration Aeration Aeration Aeration e e e efficiency fficiency fficiency fficiency e e e equation quation quation quation Aeration performance depends on the initial dissolved oxygen (DO) level, required discharge dissolved , , 1 1 (11) Where La = L -Le is the aerated length; Le is the inception length of [17] given on Table 2 , the constants a1, a2, a3, a4 are determined experimentally, Table 3 showed the values of the discharge and the head data, the log of the parameters were plotted on Microsoft excel 2003 (Fig.5) to determine k=0.33 and n=1.5 of Equation (6), which is the flow model employed to run the aeration experiment. For every model, at a given unit discharge and at the standard temperature of 20 o C, the aeration parameters in Equation (11) were determined and plotted, as can be viewed in Figures 6a-8c . The aeration data in Figures 6a-8c were analyzed using a regression model to obtain the values of the constants a1, a2, a3, a4 in Equation (11), as shown on Table 5 .
Results in Figures 6a-6c , for the aeration efficiency as a function of the ratio of critical depth to the stepped roughness height, revealed that the Aeration efficiency E20 decreases as yk/Ks increases. This has confirmed with Eq. (5) of [22] ; which indicated that critical depth increases with a decreasing value of aeration. Also, the result agrees with the statement of [24] that for all chute angle, aeration efficiency decreases with an increased in the ratio of critical depth to stepped height. The results in Figures 7a-7c , for the aeration efficiency as a function of the ratio of the length of aeration to the stepped roughness height, indicated that E20 increases as La/Ls increases. [14] stated that length of aeration increases with an increase in overall aeration efficiency; this also agrees with the statement of [20] that aeration efficiency decreases with an increase in the ratio of non-aerated length to stepped height. Aeration efficiency in Figures 8a-8c showed that it decreases as roughness Froude number Fe increases. Froude number is a function of the velocity; it is when the velocity is dissipated that aeration is enhanced; this agrees with the statement of [20] that aeration efficiency decreases with an increase in roughness Froude number. (11) was validated, taking the unit discharge of 26.1 L/s.m and value of aeration efficiency for two models from each chute geometry as an example, there is good agreement between them, as shown on Table 7 . The developed aeration efficiency in Equation (11) in the present study was also compared with that of [20] in Equation (3), as can be viewed on Table 6 , showed that there is a good agreement between them. [20] : [20] : [20] : [20] : Q(5-50L/s), θ(30-50 0 ), h(50, 100 & 100mm), b=30cm Parameters that influence the aeration efficiency were also identified. Based on these findings, the following conclusions can be drawn: 1. Generally, aeration efficiency increases with an increase in stepped roughness height but decreases with an increase in both unit discharge and chute angle. 2. The results demonstrated that aeration efficiency E20 increases with an increase in the ratio of length of aeration to the stepped roughness height La/Ks and decreases with an increase in both the ratio of critical depth to the stepped roughness height yk/Ks and the roughness Froude number Fe. 3. The three chute configurations used in this study could be employed as design models because the percentage of the length of aeration range from 51.6-71.4% over the stepped chute length for the range of unit discharge of 43.4-26.1 L/s.m. 4. Aeration performance of inclined stepped types is more than that of the end-sill and plain types; hence they have the tendency to enhance more aeration into the flow than the other chute geometries. 5. Among the inclined, SSM-5 has the highest aeration efficiency value of 72% and performed optimally in the re-aeration of flow in the present study. 
